In an attempt to develop a method to discriminate among isolates of Listeria monocytogenes, the sequences of all of the annotated genes from the fully sequenced strain L. monocytogenes EGD-e (serotype 1/2a) were compared by BLASTn to a file of the unfinished genomic sequence of L. monocytogenes ATCC 19115 (serotype 4b). Approximately 7% of the matching genes demonstrated 90% or lower identity between the two strains, and the lowest observed identity was 80%. Nine genes (hisJ, cbiE, truB, ribC, comEA, purM, aroE, hisC, and addB) in the 80 to 90% identity group and two genes (gyrB and rnhB) with approximately 97% identity were selected for multilocus sequence analysis in two sets of L. monocytogenes isolates (a 15-strain diversity set and a set of 19 isolates from a single food-processing plant). Based on concatenated sequences, a total of 33 allotypes were differentiated among the 34 isolates tested. Population genetics analyses revealed three lineages of L. monocytogenes that differed in their history of apparent recombination. Lineage I appeared to be completely clonal, whereas representatives of the other lineages demonstrated evidence of horizontal gene transfer and recombination. Although most of the gene sequences for lineage II strains were distinct from those of lineage I, a few strains with the majority of genes characteristic of lineage II had some that were characteristic of lineage I. Genes from lineage III organisms were mostly similar to lineage I genes, with instances of genes appearing to be mosaics with lineage II genes. Even though lineage I and lineage II generally demonstrated very distinct sequences, the sequences for the 11 selected genes demonstrated little discriminatory power within each lineage. In the L. monocytogenes isolate set obtained from one food-processing plant, lineage I and lineage II were found to be almost equally prevalent. While it appears that different lineages of L. monocytogenes can share habitats, they appear to differ in their histories of horizontal gene transfer.
Although disease caused by Listeria monocytogenes occurs at a low rate relative to those caused by other food-borne pathogens, the organism is second only to Salmonella spp. in the estimated number of food-related deaths in the United States (18) . The majority of these deaths occur in individuals who are immunocompromised (6) . With the continued high prevalence of AIDS, an increasingly elderly population, and numerous organ transplants, joint replacements, and other immunocompromising conditions, the number of people in the United States who are susceptible to listeriosis is growing.
Accurate tracing of Listeria strains is important for clinical epidemiology, food safety, and public health. Molecular tracing can help to manage and contain L. monocytogenes contamination in food-processing plants by giving a means to accurately evaluate the source of a specific contaminant. The last decade has seen a flurry of published studies in which inexpensive and rapid methods to type Listeria spp. have been designed and tested (5, 10, 11, 17, 29, 30, 32, 33) . The overall goal has been to develop methods that are more discriminatory than existing serotyping and phage-typing methods. Ribotyping (10, 32) and pulsed-field gel electrophoresis of macrorestriction enzyme-digested chromosomal DNA (11) have demonstrated good discrimination of Listeria spp. However, the results are difficult to standardize between laboratories, making cooperative or retrospective studies difficult.
The current study began as an attempt to identify genes in L. monocytogenes with high levels of polymorphism that might serve as the basis for a discriminatory sequence-based typing method. Patterns of polymorphisms were evaluated in the partial DNA sequences of genes expected to be hypervariable, i.e., genes that demonstrated polymorphism in 10% or more of their DNA sequences in cross-strain comparisons of known sequences. However, a low degree of discrimination was found in each of 11 different genes tested, and the initial objective was not satisfied. The focus of our study thus shifted to examining the population genetics of L. monocytogenes and to understanding the biological underpinnings that may explain the lack of discriminatory power of the 11-gene multilocus sequencing analysis developed and implemented as described before.
Multilocus sequence typing was invented to enhance the study of the population genetics of bacteria (15) . Multilocus sequence typing data can be analyzed to show probable recombination of genes between lineages in the evaluated population (15) and to probe for indications of recombination within genes (7) . By combining ribotype and limited DNA sequence information, Wiedmann et al. (32) previously defined three distinct lineages of L. monocytogenes. Further DNA sequence analyses have confirmed the three lineages (4, 25) , but the basis for the distinction of the lineages has not yet been de-fined. The multilocus sequence analysis described here allowed us to evaluate inheritance, mutation, and horizontal gene transfer in L. monocytogenes and uncover the recombinant construction of mosaic genes in three different patterns that were unique for each of the three previously described L. monocytogenes lineages.
MATERIALS AND METHODS
Whole-genome sequence analyses. The file (accession no. AL591824.ffn) containing the DNA sequences of the annotated open reading frames of L. monocytogenes strain EGD-e (9) was retrieved from the Genome Database at the National Center for Biotechnology Information. A file with preliminary data on the genomic DNA sequence of L. monocytogenes ATCC 19115 (serotype 4b) was obtained from the Institute of Genomic Research at www.TIGR.org. The genomic data file was converted into a BLAST database and searched with the gene file by use of BLASTn (1). The output file was scanned to determine the percent identity of matches to the genes. Only genes that aligned along 90% or more of their length were considered, and the rest were rejected; thus, those alignments made with less than 100% of their length gave a slightly exaggerated level of identity because of the portion of the gene that was not considered.
Nine genes (Table 1 ) with 80 to 90% identity between the two strains of L. monocytogenes and two genes (gyrB and rnhB) with approximately 97% identity were chosen for further study. Primers were designed in conserved sequence segments to amplify these genes by PCR to give amplicons from 332 bp to as much as 1,331 bp.
Bacterial isolates. Fifteen strains of L. monocytogenes, including five strains of each of the three lineages previously defined by ribotyping (4), were obtained from the Cornell University (Ithaca, N.Y.) Listeria strain collection. In addition, another 19 strains of L. monocytogenes from a ready-to-eat poultry processing facility (3) were used for sequence generation and were serotyped by the enzymelinked immunosorbent assay-based procedure described by Palumbo et al. (24) .
Template preparation and DNA sequencing. One loopful of cells was taken from an overnight culture of each strain grown on BHI plates at 35°C. The cells were washed once in 0.5 ml of sterile distilled water and resuspended in 0.5 ml of sterile distilled water. The cells were then placed in a 100°C dry bath for 10 min. One microliter of the lysed cells was used for the PCR template. The conditions for PCR were as follows: denaturation at 95°C for 1 min, annealing at the appropriate temperature for each primer (Table 1) for 30 s, and extension at 72°C for 1 min, for a total of 30 cycles. PCR products were purified with the Qiagen PCR purification system (Qiagen, Valencia, Calif.), and Big Dye terminator sequencing reactions were performed with the protocol recommended by the manufacturer (Perkin-Elmer, Boston, Mass.) and the same primers that generated the templates for forward and reverse sequence determination. Sequences were read with an ABI 3700 capillary automated DNA sequencer (Perkin-Elmer), and a minimum of one forward and one reverse sequence reaction was used for each sequence. Table 1 indicates the lengths of the sequences that were analyzed, ranging from 275 bp to 1,048 bp.
Alignments and sequence analyses. DNA sequences were aligned with ClustalX (28) . No gaps were introduced into any of the alignments, and no additional editing was necessary. Clustering of the sequences was performed by the neighbor-joining algorithm with Jukes-Cantor distances by using the computer program PAUP* version 4.0b10 (27) . Trees were rooted with sequences from the genomic sequence of Listeria innocua (9) . Nucleotide diversity scores were determined by the method of Nei (20) as implemented in DnaSP (26). Sawyer's runs test for detecting recombination intervals based on the detection of shared patterns of polymorphisms was performed with the computer program GENECONV (S. A. Sawyer, 1999, Washington University, St. Louis, Mo., available at http://www.math.wustl.edu/ϳsawyer). Each allotype, the genetically determined individual type, was assigned a two-part code. The first part of the code represented the allogroup, which was determined by cluster analysis of all the allotypes as described below, and the second part represented an identifier for each unique sequence.
RESULTS AND DISCUSSION
The available genomic sequences of L. monocytogenes strains EGD-e (9) and ATCC 19115 were compared with a simple BLAST search to identify hypervariable fragments. Matches were found for 2,418 genes. The distribution of gene identities as determined with BLASTn was nearly normal, with a mode at 96% identity and slight overrepresentation of identities between 80 and 90% (Fig. 1) . These numbers were slightly exaggerated because for many genes, as much as 10% of the gene alignment may not have been considered by the BLASTn algorithm used. One-hundred seventy-one genes that had from 80 to 90% DNA sequence identity were identified. From this group of genes, nine genes that had been annotated as probable housekeeping genes in L. monocytogenes EGD (9) were chosen for further study (hisJ, cbiE, truB, ribC, comEA, purM, aroE, hisC, and addB). Two additional genes (gyrB and rnhB) with approximately 97% identity were chosen as moreconserved references. The DNA sequences of the 11 gene fragments were determined for 34 strains of L. monocytogenes, and the corresponding sequences from L. monocytogenes EGD were added to our database. Optimal alignments of all the sequences were obtained without the need for any gaps (indel sites). Ribbon diagrams of representative sequences (i.e., allogroups; see below) demonstrate the patterns of polymorphisms for each gene (Fig. 2) . It was not surprising that polymorphisms were not uniformly distributed within a gene, and some regions of the genes were more conserved than others. Summary statistics of polymorphisms and diversity were determined (Table 2) . These statistics may not be reflective of the global population of L. monocytogenes because the Cornell University collection overrepresents the number of lineage III organisms and the remaining isolates were all from one processing plant. Therefore, it was helpful to interpret the diversity statistics when they were broken down into the lineage categories (Table 2) .
aroE had the greatest number of allotypes (26 allotypes), and purM had the greatest proportion of polymorphic sites (20.83% of total sites). truB represented the only gene analyzed in which the nucleotide diversity for lineage III was lower than that seen in lineage II. gyrB had the lowest proportion of polymorphic sites and the lowest nucleotide diversity yet still provided differentiation into 17 allotypes. comEA yielded the lowest number of allotypes (seven allotypes) but still displayed a large number of polymorphic sites (19.29% of sites). With the exception of cbiE and comEA, allotype diversity was lower among lineage I isolates than among lineage II strains. The comEA and rnhB sequences were the only ones that did not separately distinguish all five lineage III isolates, even though these two genes had the first and second highest (respectively) nucleotide diversities of any gene sequenced.
When all the data were analyzed as a combined (concatenated) sequence, 33 allotypes were distinguished among the 34 isolates characterized. The level of allotype diversity demonstrated by gyrB was surprising, given the small number of polymorphic sites in this gene and the incomplete resolving power of the other genes that were chosen based on the large differences seen in previously known sequences. In another recently completed study with the Cornell University collection of isolates, the sequences of actA demonstrated complete resolution of all 15 isolates (4), whereas in this study, the sequences of a minimum of seven genes (aroE, comEA, gyrB, hisC, purM, ribC, and rnhB) were required to achieve the same resolution.
To help understand the diversity patterns observed for the 11 genes analyzed, cluster analyses were performed for each of the genes by the neighbor-joining algorithm implemented in PAUP* with Jukes-Cantor distances, with L. innocua gene sequences used to serve as roots for the trees. The resulting trees should not be interpreted as phylogenetic reconstructions because of the evidence of recombination discussed below but do serve as a means of classifying the alleles. The trees demonstrated a spectrum of shapes that were generally characterized by the existence of two populations that were deeply removed from a common node. The spectrum of tree topologies varied from that seen for addB (Fig. 3) , in which there appeared to be only very recent divergence from two clones, to that seen for truB (Fig. 3) , in which there were several clusters branching closer to the root. The clonal history of the strains was greatly simplified yet still informative if the isolates were assigned to allogroups rather than individual allotypes. Allotypes were assigned the letter A if they clustered on the side of the root that was characteristic of lineage I organisms. Conversely, allotypes that were characteristic of lineage II allotypes were assigned the letter B. In two cases, aroE and rnhB, there were allotypes that branched close enough to the root to deserve a separate group designation of C.
The groups were further divided by the appending of a numeric designation to demonstrate clusters that branched off successively closer to the root. In the case of truB (Fig. 3 ), groups were labeled A1 for types that were characteristic of the lineage I isolates, and clusters more deeply removed from that type were successively labeled A2, A3, etc., through A7. Separate clusters on the lineage II side of the root were handled similarly to give allogroup designations of B1, B2, and so forth. The assignment of allogroups along with unique allotype identifiers allowed the tabular visualization of genes that were certain to have similar clonal histories. The allogroup designations for the 11 genes for all the isolates examined are tabulated in Table 3 . Table 3 clearly demonstrated that there are several instances where allogroups that were characteristic of lineage I were found in lineage II strains. Lineage III strains were predominantly characterized by allogroups that were most similar to those of lineage I strains and a few allogroups that were more characteristic of lineage II strains. hisJ was the only locus that had no incongruent alleles (Table 3) .
No single gene could be used to reliably differentiate all three lineages, but analysis of both addB and hisJ sequences allowed differentiation of the three lineages. All of the addB sequences for lineage I clustered in a single allogroup, and addB sequences for lineage II clustered in another allogroup, but the addB sequences for lineage III clustered close to the lineage II strains. The clustering of the hisJ sequences placed all of the lineage II strains in a single allogroup, and the hisJ sequences of the lineage III strains clustered close to those of the lineage I strains. It is probable that sequences of a larger population will make lineage discrimination more difficult unless there are specific barriers to sharing specific genes. All of the lineage I organisms had allotypes that were tightly clustered into a single allogroup for each gene analyzed. This allotype distribution was indicative of clonal development of the lineage I isolates. The lineage II and lineage III organisms differed by the side of the root on which most of the genes fell; lineage II organisms were mostly very different from lineage I organisms, and lineage III organisms had allogroups that were mostly more similar to lineage I types. The differences in the tree topologies could be explained with respect to the effects of bottlenecks and recombination on the origins of the allogroups. The tree seen for addB (Fig. 3) would be expected for a recent severe bottleneck that only allowed two clones to survive. Since housekeeping genes are very unlikely to be subject to loss and recovery, a purifying selection that would put only one housekeeping gene through a bottleneck cannot occur; so all the genes (i.e., all the housekeeping genes in the genome) were put through a bottleneck at the same time. Assuming that such a bottleneck did occur, the allogroups that clustered apart from the characteristic types may have arisen by one of two possible mechanisms: disparate allogroups may have been pulled through the bottlenecks by virtue of linkage to the trait needed for success in the bottleneck, or the noncharacteristic allogroups may represent recombination junctions within the genes that were sequenced, resulting in mosaic genes, and thus average the distance between the extremely different genes.
Recombination analyses were performed with the data from all the sequenced genes to test the latter possibility. Sawyer's c Allotype diversity is the probability that two gene sequences drawn at random will have different allotypes. d Nucleotide diversity is the probability that a given base position from two gene sequences drawn at random will have different bases.
test for recombination (http://www.math.wustl.edu/ϳsawyer), implemented in the program GENECONV, was performed with each of the sequence alignments. The results are illustrated in Fig. 2 . Sawyer's test is not the most sensitive method of detecting recombination, but it is one of the few tests that annotate the breakpoints in individual sequences, also illustrated in Fig. 2 . Many of the indicated recombination intervals were not significant (P Ͼ 0.05) after correction when Bonferroni's correction for multiple pairwise comparisons (http: //www.math.wustl.edu/ϳsawyer) was applied (denoted by *), but inspection of the ribbon diagrams demonstrates that some of the putative recombination junctions may not have been statistically significant due to the short length of the possible recombinant fragment (such as seen with addB, comEA, and ribC) or the paucity of polymorphisms in the possible recombinant region (e.g., in cbiE and gyrB). The only test for recent bottlenecks relies on the overrepresentation of heterozygotes and hence is limited to diploid organisms. Therefore, we could only rely on the structure of cluster analysis dendrograms (especially Fig. 3, addB) to conclude that there was a bottleneck. Recombination will result in the reconstruction of trees that are not accurate phylograms. The effect of recombination is seen as a homogenization of the populations, meaning that the average difference between the populations will be reduced. Therefore, recombination will obscure signs of bottlenecks in phylogenetic trees, and to still have a clear signal of bottlenecks in such a phylogram may indicate a bottleneck of great magnitude or one that occurred fairly recently.
It can also be concluded that the lineage I L. monocytogenes strains are clonal and the lineage II organisms are active in recombination, with recombination intervals that transfer entire genes (evident from Table 3 ) and in events that create mosaic genes (as seen in Fig. 2 ). The lineage III L. monocytogenes were more similar to the lineage I organisms than the lineage II organisms, but they also demonstrated evidence of recombination with lineage II organisms at the whole-gene level ( Table 3 ). The only significant (P Ͻ 0.05 after Bonferroni's correction) recombination interval within the sequences found for lineage III organisms was found in truB. Since lineage III L. monocytogenes strains are rare, it is possible that some allotypes were pulled through the bottlenecks, but we believe that they probably represent mosaic genes constructed in recombination-active organisms that otherwise would have been lineage I. Perhaps sequence analysis of a larger population will clarify this incomplete analysis.
Given a clonally developing lineage, the number of base changes between isolates can be used to estimate the time since the last common ancestor. Since the lineage I organisms appeared to be clonal, we applied evolutionary clock analysis to estimate when the founder to this lineage existed. With a divergence rate for synonymous nucleotide changes of 0.90% per million years (22, 23 ) and Li's estimate of the rate of synonymous base changes (26) , the time since the founder of lineage I existed was estimated to be about one-half million years. If Nei and Gojobori's estimate of the rate of synonymous base changes (21) is used instead, the estimated time since the founder existed was extended to about one million years ago. This observation may indicate that lineage I L. monocytogenes arose before any influence from high-density human populations could be expected. Similar analyses to find the most recent common ancestor for lineage I organisms and organisms that have all B1 allotypes (thus, lineage II organisms with the least amount of evident recombination with lineage I) gave estimates of 30 to 67 million years by the two methods of estimation of the synonymous substitution rate. However, the times to the most recent common ancestor could be influenced by the selection of the genes that were sequenced. The sequences used in the analyses presented here (i.e., sequences that were chosen as being hypervariable) may be diverging at a rate approximating two to threefold that seen for most L. monocytogenes genes. Also, the clock that was applied was developed for Salmonella enterica and Escherichia coli, and the accuracy of this clock would be affected by the population size and the number of generations the organism has per year. Since L. monocytogenes can replicate at lower temperatures than Salmonella spp. or E. coli, it is possible that there are more generations per year for Listeria in environmental niches, and thus the estimates of the time to the founder member of the clones are overly long. Our estimate for the time to the most recent common ancestor of lineage I and lineage II L. monocytogenes was about half as long as that since the last common ancestor of S. enterica serovar Typhimurium and E. coli (23) .
It is also noteworthy that we were able to isolate 17 different strains of L. monocytogenes representing both lineage I and lineage II organisms from one food-processing plant. While we are unable to describe any environmental factors that may segregate these two types, it is possible that strains representing lineages occupy microniches within a food-processing plant that are not easily defined. Given the wide variety of environments in which L. monocytogenes is found and the variety of conditions in which the organism can grow (6), we would expect that bottlenecks due to environmental constraints would affect only a limited portion of the clones existing at the time, so an environmental bottleneck seems unlikely. An alternative explanation is that a clone arose that had a greatly increased selective advantage and replaced all the noncompet- The population structure that we observed for L. monocytogenes is similar to the one described for species in the genus Mycobacterium. The commonly pathogenic mycobacteria (M. tuberculosis, M. leprae, and M. avium subsp. paratuberculosis) appeared to have suffered a bottleneck as recently as 10 to 15 thousand years ago, and the species of mycobacteria that are commonly environmental were not clonal (8, 14) . L. monocytogenes lineage I strains are significantly more common among human clinical cases and have been responsible for more than 80% of human listeriosis outbreaks (12) . Furthermore, the vast majority of serotype 1/2b and 4b strains are lineage I (19) , and these two serotypes are the most common ones responsible for human listeriosis outbreaks (32) . All epidemic-associated serotype 4b and 1/2b strains characterized to date were classified as lineage I (12; M. Wiedmann, B. Saunders, E. Fortes, and K. Windham, unpublished data). While some human listeriosis outbreaks have been associated with lineage II strains (i.e., serotype 1/2a strains), no human outbreaks have been linked to lineage III strains (12, 31) . Lineage III strains are occasionally involved in human cases (12) but represented about 10% of the animal clinical isolates characterized by Jeffers et al. (12) .
Interestingly, our study shows that for L. monocytogenes, as was seen for Mycobacterium spp., the more virulent strains are clonal. According to Muller's ratchet hypothesis, asexual populations will accumulate deleterious mutations over time through random genetic drift (2) . It can therefore be concluded that the clonal lineages have become inextricably linked in their association with a host because of losses of capabilities for more general environmental proliferation. This is not to say that lineage I strains are dependent on humans for survival, but that there may be a human-related bottleneck that results in the cohesion of the observed lineages. An assumption of Muller's ratchet hypothesis is that all mutations are neutral or deleterious, i.e., advantageous mutations are rare enough to be ignored entirely (2) . However, advantageous mutations do occur, albeit rarely. It is possible that rare advantageous mutations gave a single clone a selective advantage that allowed the clone to sweep the pathogenic niche (16) , but the apparent simultaneous bottleneck in less virulent L. monocytogenes strains suggests that replacement of clones with a fitter clone was not likely due to a new advantageous mutation.
Variation in the mutation rate over different fragments of a genome has been observed (13) , and the distance of our "hypervariable" genes between lineage I and lineage II may be due to localized increased mutation rate. As noted above, the frequency of genes with a 10 to 20% difference between the two types showed a slight overrepresentation that may indicate a distinct population of genes, possibly a set of genes that were involved in cross-species recombination. However, recombination clearly occurred within sequenced conserved genes (gyrB and rnhB) (Table 3) as well, and recombination appears evident only in strains representing lineages II and III. More data from related species will be beneficial in demonstrating the role of cross-species recombination. While a study with a larger population would be helpful to further probe the population structure and recombination history of L. monocytogenes lineages, a widely and randomly collected L. monocytogenes isolate set is not currently available. Further studies on the different L. monocytogenes lineages may be helpful to improve our understanding of host-parasite adaptation and the foodborne transmission characteristics of the three L. monocytogenes lineages.
